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ABSTRACT

The human promyelocytic leukemia cell line HL-60 has been studied
extensively since the time of it's discovery and has proven to be a
valuable tool for the study of the differentiation process.

The

capacity of the HL-60 cell line to differentiate to macrophage-like
cells, which may be immunologically competent, has proven to be
invaluable in the study of these cells as a model for macrophage
function.

A number of hydrolytic enzymes are characteristically found

in macrophages.

In an effort to further characterize differentiated

HL-60 cells as macrophages, the location and concentration of a number
of these enzymes was determined.

HL-60 cells were cultured in REMI-

1640 medium with 5% fetal calf serum and antibiotics.

The cells were

treated with the differentiation agent, 12-O-tetradecanoylphorbol-13acetate (TPA), for 48 hours and cell free lysates were prepared.
Elastase, chymotrypsin, ribonuclease, /3-glucuronidase and lysozyme
concentrations were determined in the lysosomal fraction and whole cell
lysates.

The amount of chymotrypsin and elastase increased

significantly in cells which had differentiated to macrophage-like
cells.

The intracellular concentrations of lysozyme, /3-glucuronidase,

and ribonuclease decreased or remained the same in differentiated and
undifferentiated cells.

Macrophages characteristically secrete a

number of hydrolytic enzymes including lysozyme and /3-glucuronidase.
Assay of the media revealed that the TPA treated cells secreted
significantly greater amounts of lysozyme and /3-glucuronidase than the
undifferentiated cells.

Differentiated cells which had ingested

opsonized yeast particles were harvested and the lysates were tested

1

for the lysosomal enzymes

The concentration of intracellular elastase

over control HL-60 cells and TPA treated
in these cells was increased
i
cells.

The amount of /3-gl.ucuronidase and lysozyme secreted into the

medium remained the same as that of differentiated cells which had not
phagocytized yeast.

INTRODUCTION

The HL-60 cell line is a human promyelocytic leukemia cell line
which has been carried in continuous culture since 1977 when it was
first cultured by Collins and his associates.

Since it's discovery,

the HL-60 cell line has proven to be very useful in the study of the
differentiation process.

Upon exposure to 12-O-tetradecanoylphorbol-

13-acetate (TPA), the cells differentiate to macrophage-like cells
which are characterized by increased levels of non-specific esterases,
adherence to the culture flask with spreading of the cytoplasm and the
capacity of these cells to phagocytize opsonized yeast particles.
In an attempt to further characterize the differentiated cells as
macrophages, specific hydrolytic enzymes, which are characteristic of
macrophages, were quantitated.

Lysozyme, /3-glucuronidase, elastase and

chymotrypsin are hydrolytic enzymes which are thought to aid
macrophages in the digestion of foreign particles.

The demonstration

and quantitation of these same enzymes in differentiated HL-60 cells
serves as a basis for the further characterization of these cells as
macrophages and could lead to the use of HL-60 cells as a model for the
study of macrophage function.
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HISTORICAL REVIEW

Discovery of the HL-60 Cell Line
Up until 1977, attempts to develop long-term suspension cultures
of human myeloid leukemia cells met with little success.

On occasion,

a culturable lymphoblastoid cell line having the E-B virus genome would
arise.

However, these cells were lymphoid and not myeloid (Collins

et a l . 1977).

Prior to the discovery of the HL-60 cell line, a number

of differentiating myeloid cell lines had been maintained in culture.
These cells were maintained only in the presence of conditioned media
(CM) from monolayer fibroblastic cultures of first trimester whole
human embryos (Collins et al. 1977).

In 1977 Collins and his co

workers first described a cell derived from myeloid leukemic cells
which was capable of differentiating and was devoid of the requirement
for exogenous CM.

The evidence for differentiation along the myeloid

cell line was established by characteristic morphology and
histochemical criteria.
Originally, the cells were obtained from an adult female with
acute promyelocytic leukemia.
patient were designated HL-60.

Peripheral blood leukocytes from this
These cells were seeded in plastic

flasks at a concentration of 1.25 X 106 cells per flask in RFMI-1640
medium supplemented with 15% fetal calf serum and 50 mg/ml gentamicin.
The cells were incubated at 37° C in 5% 002 and growth was observed
(Collins et al. 1977).

The cells were first cultured in the presence

of CM derived from six different sources and also in growth medium not
supplemented with CM.

After incubation for three weeks, the cells

which had continued to multiply were subcultured and incubated several
4
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more weeks.

Although the cells required CM for initial culture, this

requirement was lost in the subsequent weeks and a cell line resulted
which continued to multiply and differentiate along the myeloid series
(Collins et al. 1977).

However, these cells retained the requirement

for fetal calf serum for growth.
The function of the conditioned media in the establishment of the
HL-60 cell line is not known.

Attempts to repeat the experiment using

frozen stocks of the patient's peripheral leukocytes and peripheral
leukocytes from other myelogenous leukemia patients were unsuccessful.
"The initial growth of the HL-60 cells only in those flasks containing
CM could have been fortuitous..." (Collins et a l . 1977 p. 348).

Characteristics of the HL-60 Cell Line
Staining of the newly developed HL-60 cell line revealed that a
majority of the cultured cells were myeloblasts and promyelocytes.

A

number of more mature myeloid cells were also noted, as were cells
resembling monocytes.

Histochemical studies correlated with this

morphologic evaluation in that over 95% of the cells had markers
specific for myeloid cells (Collins et al. 1977).

Chromosomal studies

of the cultured cells revealed a strong similarity between these cells
and the patient's leukemic cells.

This was demonstrated by a majority

of HL-60 cells shewing 44 chromosomes at metaphase, the same number
observed in short term cultures of fresh bone marrew from the patient.
This, along with morphologic characteristics was a strong indicator
that the HL-60 cell line was leukemic in origin.
At the time of its discovery and successful culture, the
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HL-60 cell line seemed unique in its ability to proliferate and
differentiate without an exogenous source of induction (Collins et a l .
1977).

The possibility that a subpopulation of cells existed which was

capable of regulating proliferation and differentiation within the
HL-60 culture was recognized.

Investigators have since directed their

efforts at studying the activity of a subpopulation of differentiated
HL-60 cells which are capable of causing differentiation of newly
cultured HL-60 cells (Djulbegovic et al. 1987).

The activity of known

inducers of myeloid differentiation has been studied extensively also
(Huberman et al. 1982; Rovera et al. 1979a; Rovera et al. 1979b;
Collins et a l . 1978).

Differentiation of the HL-60 Cell Line
Granulocytic Cell T.ine
Collins and his associates studied the effects of dimethyl
sulfoxide (CMSO) and other polar compounds on the newly cultured HL-60
cell line (Collins et al. 1978).

It had been previously demonstrated

that CMSO induced terminal differentiation in mouse erythroleukemia
cells (Friend et al. 1971) and it was found that CMSO had the same
effect on HL-60 cells. When cells were exposed to varying
concentrations of CMSO, striking morphologic changes resulted: smaller
size, decreased nuclear to cytoplasmic ratio, less prominent
cytoplasmic granules, marked reduction or complete disappearance of
nucleoli, pyknotic changes in nuclear chromatin and marked indentation,
convolution and segmentation of the nuclei (Collins et al. 1978).
These morphologic changes indicated that the cells had differentiated
to a granulocytic cell line.

The growth kinetics of the CMSO exposed
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cells also changed.

There was a plateau in the growth curve at day 5

indicating mature cells were no longer able to proliferate (Collins
et a l . 1978).

This was further verified by studies demonstrating that

cells incorporated proportionately less thymidine as EMSO treatment was
increased.

The EMSO differentiated cells also demonstrated a 90% rate

of phagocytosis of Candida albicans (Collins et a l . 1978).
of untreated cells phagocytized the yeast particles.

Only 5-10%

This clearly

showed that the HL-60 cells had matured morphologically and
functionally.

Monocytic Macrophage Cell Line
Shortly after the discovery of the HL-60 promyelocytic cell line,
Rovera and his associates conducted a study which detailed the effects
of phorbol ester compounds on HL-60 cells (Rovera et al. 1979a; Rovera
et a l . 1979b).

It was reported previously that phorbol esters, the

most potent being 12-O-tetradecanoylphorbol-13-acetate (TPA), were able
to prevent certain murine erythroleukemia cell lines from spontaneous
differentiation (ref 3-9 as cited in Rovera et al. 1979b), whereas
other cell lines differentiated when treated with the same compounds
(ref 10 as cited in Rovera et al. 1979b).

Treatment of the HL-60 cells

with TPA caused a number of morphologic and biochemical changes in the
cells, all indicating that the cells had differentiated to a
macrophage-like cell (Rovera et al. 1979a; Rovera et al. 1979b).

After

only one hour of exposure to TPA, cells began to attach to the surface
of the culture flask and after 24 hours, nearly 80% of the cells were
adherent.

The auzurophilic granulation characteristic of HL-60 cells

disappeared and large cytoplasmic vacuoles which contained loosely
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packed floccular material became smaller and more dense. Adherent cells
flattened and shewed a wide variety of shapes with long, thin processes
extending from the margins of many cells (Rovera et al. 1979b).

As was

seen in the EMSO treated cells in earlier studies, TPA treatment also
caused a reduction in ENA synthesis in the HL-60 cells.
of TPA treatment, HD-60 cells stopped all ENA synthesis.

After 48 hours
The amount of

amino acids incorporated into protein was decreased yet the cells
retained the ability to synthesize protein, despite the loss of the
ability to proliferate.

The presence of Fc receptors for IgG was

demonstrated on both HL-60 cells and TPA treated macrophage-1ike cells.
When incubated with latex beads or in the presence of ox erythrocytes,
only TPA treated cells were able to phagocytize the particles.
Enzymatic studies have shown that exposure to TPA and subsequent
differentiation is accompanied by increased synthesis of NADase, acid
phosphatase, and nonspecific acid esterase (Rovera et al. 1979b).
These enzymes are all considered to be specific for cells of the
monocytic lineage (Yam et al. 1971) and increased levels were not
demonstrated in cells treated with EMSO, the compound which induces
cells to differentiate to the granulocyte cell line.

Myeloperoxidase

activity was markedly decreased in TPA treated cells, contrary to the
increased levels found in macrophages and monocytes.

Lysozyme activity

was detected in the medium of the HL-60 cells which had been treated
with TPA, also an enzyme characteristic of macrophages (Jolles and
Jolles 1984).

The extensive work done by Rovera and his associates has

proven to be valuable in establishing the HL-60 cell line as being
capable of differentiation.

The properties of adherence, phagocytosis

and specific enzyme activity by the phorbol ester treated cells
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provides the evidence necessary to characterize these cells as
macrophage-like.

Phorbol Ester Compounds
The tumor premotor 12-Otetradecanoylphorbol-13-acetate (TPA) is
by itself non-carcinogenic, but it can cause tumors in animals when
administered in conjunction with suboptimal doses of certain chemical
carcinogens (Berenblum 1954; Rovera et al. 1979a).

TPA was originally

isolated from croton oil derived from the seed of the plant Croton
tiolium (Shoyab and Todaro 1980).

This agent has been shewn to cause

inhibition of cell differentiation in seme cultured cells whereas
others are induced to differentiate in the presence of phorbol ester
compounds.

Binding properties of TPA were studied in an effort to

learn what underlying mechanisms are involved in phorbol ester
induction of differentiation of HL-60 cells.

Binding sites for phorbol

ester compounds were characterized in a number of cell types by
utilizing tritium labeled phorbol 12,13-dibutyrate (PDBu) instead of the
more potent TPA.

This was the compound of choice because it is less

lipophilic than TPA and has less non-specific binding to cell membranes
(Shoyab and Todaro 1980).

This same compound was later used in the

study of binding of phorbol esters to HL-60 cells (Cooper et al. 1982).
It was found that PDBu reversibly binds specific surface receptors on
HL-60 cells and that it is not internalized.

In response to continued

binding of the phorbol ester to the receptor site on the HL-60 cells,
cell growth was inhibited and macrophage characteristics acquired.

The

differentiation process was dependent on the continued binding of the
phorbol ester to the receptor.

It was concluded that "the

10
•differentiation of HL-60 cells to cells that resemble macrophages
proceeds through a receptor-mediated transmembrane process." (Cooper
et al. 1982 p. 2865)

Mechanism of TPA Induction
The mechanism by which the cells cease proliferating and undergo
differentiation when exposed to TPA has yet to be elucidated although
scientific evidence does exist in support of a number of different
possible mechanisms.

Huberman et al. have studied the possible

involvement of polyamine synthesis in the differentiation process
(Huberman et al. 1981) while Hirata and Axelrod have suggested the
methylation of phospholipids may in part mediate transduction of
biochemical signals across membranes (Hirata and Axelrod 1980).

Others

believe that the mechanism involves activation of the protein kinase C
system which works synergistically with Ca++ levels (Vandenbark et a l .
1984; Tyers and Harley 1986; Cooper et al. 1982; Blumberg 1988).

The

binding of phorbol ester compounds to cells activates the protein
kinase C system; however, it appears that there is more involved in the
differentiation process than just this receptor mechanism (Blumberg
1988).

Although the exact mechanism of action the phorbol esters

impart on the HL-60 cells line remains unknown, the biological effects
of this agent have been studied extensively and results have shown
convincingly that its effect on the HL-60 cell line is that of inducing
differentiation to macrophage-1ike cells.

The Macrophage Cell Line
The macrophage cell line is one of the major immunologic defenses
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within the host system.

Seme of the important functions involving the

macrophage include defense against certain intracellular
microorganisms, removal of damaged or dying cells and cell debris and
antigen processing and presentation in the afferent limb of the immune
system (Territo and Cline 1977).

Macrophages also are involved in

interaction with lymphoid cells in the expression of cell mediated
immune reactions.

The macrophage is extremely effective in these

processes due to its well developed phagocytic capacity, the ability to
adhere to charged surfaces, motility, responsiveness to chemotactic
stimuli, membrane receptors for the Fc portion of IgG molecules and
certain complement components, a rich content of lysosomal enzymes and
the ability to kill certain microorganisms and to digest a wide variety
of organic particles (Territo and Cline 1977).

Methods have been

developed for studying these macrophage characteristics and have been
used extensively in studying both normal human macrophages and TPA
induced differentiated HL-60 cells.

The chemotactic capabilities of

macrophages, the adhesion and spreading properties and the phagocytic
capacity followed by killing of ingested microorganisms have all been
studied losing human macrophages as a model (Territo and Cline 1977;
Johnson et al. 1977).

These same properties have been studied in TPA

induced HL-60 cells in an effort to characterize these cells as
"Macrophages" (Yun and Sugihara 1986; Rovera et a l . 1979a; Rovera
et al. 1979b).

Increased levels of lysosomal enzymes such as lysozyme,

cathepsins, acid phosphatase, catalase, elastase and many others also
effectively characterize the differentiated HL-60 cells as belonging to
the macrophage cell line (Tyers and Harley 1986; Petty et al. 1985).
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Lysosomal Enzymes of Macrophages
Lysozyme
Lysozyme is a remarkable bacteriolytic element which is found in a
number of tissues and excretions.

The enzyme was discovered more than

60 years ago by Flemming and since that time has been extensively
studied and characterized (Gordon et al. 1974).

Lysozyme, defined as

1,4-/3-N-acetylmuramidase cleaves the glycosidic bond between the C-l of
N-acetylmuramic acid and the C-4 bond of N-acetylglucosamine in the
bacterial peptidoglycan (jjolles and Jolles 1984).

Although efforts

have been made to prepare a simple, well defined substrate for the
assay of lysozyme, lysozyme activity continues to be determined
turbidimetrically by measuring the decrease in absorbance of a
suspension of Micrococcus so. cells.
Lysozyme is a ubiquitous enzyme and has been isolated and studied
from a number of animal sources including avian egg white, human milk
and urine, baboon, rat and cow stomach and less extensively studied
from cells of the macrophage cell line (Jolles and Jlolles 1984).
Lysozyme has been isolated also from bacteria, phages and plants.
Despite the extensive work that has been done concerning the activity
of lysozyme, the biological role of the enzyme remains under question.
It appears that lysozyme plays a part in the body's defense against
infection, just as Flemming originally hypothesized at the time of his
discovery of the enzyme.

It has been suggested repeatedly that

lysozyme may serve other important biological roles which as yet are
not completely understood (Jolles and Jolles 1984).
Lysozyme occurs widely throughout nature and "is considered to be
a constituent of a primitive unspecific defense mechanism associated

13
with the monocyte-macrophage system, phylogenetically older than the
more specific lymphocyte-plasma cell-irmanoglctoulin system.

However,

evidence is accumulating for a close functional relationship between
lysozyme and immunoglobulins, a relationship related mainly but not
exclusively to bacteriolysis" (Jolles and Jolles 1984 p. 184).

As a

bacteriocidal agent, lysozyme appears to play a role through it's
direct bacteriolytic action in addition to it's stimulatory effects on
macrophage phagocytic function.

The significance of this latter role

in rat alveolar macrophages has been demonstrated (Jolles and Jolles
1984).

Phagocytosis of intact bacteria does not occur, but lysozyme

degraded bacteria are readily engulfed by macrophages.

Monocyte-

macrophage lysozyme was first studied and characterized in 1974 (Gordon
et al. 1974).

Isolation of the enzyme showed that it is

indistinguishable from the more well characterized lysozyme and appears
to be the same enzyme.

Through a series of studies, it was discovered

that lysozyme levels in mononuclear phagocytes cultured in vitro
increased at a constant rate.

Though the intracellular content of the

enzyme remained constant, the extracellular content of lysozyme
increased daily.

From this evidence, it was concluded that mononuclear

phagocytes secrete lysozyme into their growth medium.

In this same

study, it was shown that phagocytosis of latex particles had no effect
on the levels of lysozyme produced by cells grown in vitro indicating
that the production of the enzyme is independent of phagocytic stimuli
(Gordon et al. 1974).

Granulocytes also possess large quantities of

lysozyme but have not been shown to have the secretory capacity of
mononuclear phagocytes.

Lymphocytes contain no lysozyme activity.

This difference in the presence and distribution of lysozyme in
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different cell types has became a very helpful tool in classifying
human cell types whose exact nature is not known.

The presence of

lysozyme in the newly isolated cell line U937 (Sundstrom and Nilsson
1976), and the cell's capacity to secrete the enzyme (Gupta et a l .
1985) were invaluable properties which allowed for the classification
of this cell line as monocytic/macrophage-like when it was originally
believed to be lymphoid in origin.

The presence of secreted lysozyme

in HL-60 cell cultures also was important in classifying this cell line
as belonging to the monocyte/macrophage lineage (Rovera et a l . 1979b).
In the HL-60 cell line, enzyme levels in the medium are greater in TPA
differentiated cells than in

undifferentiated HL-60 cells.

Non-specific Esterases and Proteinases
The cytochemical identification of monocytes has been achieved by
the use of special staining procedures which test for the presence of
specific enzymes.

Among the many tests available for this purpose,

a-napthyl acetate esterase is a rapid, simple and sensitive test used
for the detection of non-specific esterases in cells of uncertain
origin (Yam et al. 1970).

Characteristically, cells of the monocyte

cell line have high levels of non-specific esterase activity, whereas
cells of the granulocytic lineage have little or no activity.
Verification that the positive esterase stain is due to the monocyte
qualities of the cell can be achieved by inhibition of the activity by
sodium fluoride, which is specific for monocytes (Yam et al. 1970).
HL-60 cells which have been induced to differentiate with TPA
characteristically have high levels of non-specific esterase activity
(Rovera et a l . 1979b).

The esterases are a group of enzymes which
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catalyze the hydrolysis of esters (Dixon and Webb 1979).

Evidence

exists to suggest that the different esterases may have at one time
been a single enzyme which through evolutionary changes have became
more specialized. However, this change in specificity has not altered
the basic mechanism of action of the esterases and proteinases which
remains common for all enzymes.

Chymotrypsin, elastase and a number of

other enzymes are included in this group of enzymes.

These enzymes

have very similar reaction pathways involving active serine or cysteine
residues.

The esterases and proteinases are proteolytic and their role

within the macrophage includes degradation of connective tissue at
inflammatory sites (Werb et al. 1980) functioning in the process of
phagocytosis (Werb and Gordon 1975; Schnyder and Baggiolini 1978b).
Activation of macrophages leads to an increased production of these
enzymes and also a number of acid hydrolases including lysozyme (Dixon
and Webb 1979; Gordon et al. 1974) and /3-glucuronidase (Schnyder and
Baggiolini 1978a).

These enzymes, in response to stimulation and

activation, are secreted by the macrophage.
The increased production of esterases and proteinases by
stimulated macrophages is a phenomenon which aids the cells in their
immune function by creating an environment which is detrimental to the
invading microorganisms.

This process is well documented in cells of

the macrophage cell line and is considered to be exclusive to these
cells.

The demonstration of these same processes in the TPA induced

HL-60 cells would further characterizate these cells as macrophages and
possibly lead to a model system for the study of this aspect of the
immune system.

MATERIALS
Chemicals
The pure enzymes, chymotrypsin, elastase, ribonuclease,
/3-glucuronidase, and lysozyme, were all obtained from Sigma.

The

substrates, benzoyl-l-tyrosine ethyl ester, orcein-elastin, yeast RNA,
phenolphthaleinglucuronidate, and Micrococcus lvsodeikticus cells were
also from Sigma.

The reagents used for determining non-specific

esterase activity were contained in the alpha-napthylacetate esterase
test kit (Cat #90 Al) from Sigma.

REMI-1640 medium, fetal calf serum

and antibiotics were all from Gibco.
acetate was obtained from Sigma.
Sigma.

12-O-Tetradecanoy1 phorbol 13-

The human AB serum was also from

Culture flasks were from American Scientific Products.

HL-60 Cells
Human promyelocytic leukemia cells, HL-60, were obtained from Dr.
Robert Gallo's laboratory at the National Institutes of Health. Cells
were cultured in RTMI-1640 medium supplemented with 5% fetal bovine
serum.

Penicillin was added to the medium at a final concentration of

100 U/ml and streptomycin in a concentration of 0.1 mg/ml.
were cultured in 150 cm2 plastic flasks.
was 72 ml.

The cells

The final volume of medium

The atmosphere in the flasks was replaced with 5% C02 :95%

air and the cell suspension was incubated at 35° C (Collins et a l .
1977).

Cell growth was determined by counting the number of viable

cells using the trypan blue dye exclusion test.
1981).

(Bird and Forrester

One ml of cell suspension was mixed with an equal volume of

trypan blue.

This mixture was mounted on a Neubauer hemacytometer and

the cells were quantitated by counting the number of cells in 5 of the
16
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9 large squares in both counting chambers of the hemacytometer (ten
squares total).

The number of cells obtained from this count was

multiplied by 1000 (the dilution factor for the counting chamber) and
multiplied by 2 (the dilution factor for the trypan blue added to the
cell suspension).

Counts were repeated 3 times and averaged.

The

number obtained from this calculation is the number of cells per ml of
medium.

A growth curve of the cells was plotted on a logarithmic scale

(Figure 1).

TPA Treated Cells
Cells were inoculated and incubated as described previously for a
period of 48 hr.

TPA was added at a concentration of 100 nM and the

cells were mixed by gentle rocking of the flask.

Treated cells were

incubated for 48-96 hours depending on the experiment being conducted.
Cells were not disturbed during this incubation period to allow for
optimal attachment to the flask surface.

18

Figure 1.

The growth curve f<
ror human promyelocytic leukemia

cells (HL-60) grcwn in RFMI-T640 medium containing 5% fetal calf
serum and antibiotics.
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METHODS
Mycoplasma Detection
Cells were tested for mycoplasma contamination by using the
Hoechst stain, a fluorescent staining procedure which was performed as
follows (Velleca undated).

A solution of bisbenzamide fluorochrame

(Hoechst compound 33258) was prepared at a final concentration of 0.50
/ig/ml.

This solution was diluted 1:1000 in Macllvaine's buffer to give

a working concentration of 0.05 /Ltg/ml.
on a magnetic stirrer for 30 min.

The stain was mixed thoroughly

Vero cells were used as the

indicator cells since HL-60 cells do not attach to the slide. Vero
cells were seeded in individual chambers of an 8 chamber culture slide
at a concentration of 1 X 105 cells/ml in M-199 medium containing 5%
inactivated fetal calf serum. Cells were incubated at 35° C in a 5% 002
environment for 1 h to allow for cell attachment.

After the

incubation, the medium was removed and 0.25 ml of HL-60 cells, at a
concentration of 2 X 105 cells/ml, was added to each chamber.

The

chamber slides were returned to the 5% 002 incubator and incubated at
35° C for 5 days.

After the 5 day incubation period, the cells were

fixed by adding 0.25 ml of C a m o y ' s fixative to each chamber.

After 2

min, the fixative-medium solution was aspirated and C a m o y ' s fixative
was added to each chamber again (0.5 ml ) .
was aspirated

After 5 min, the fixative

and the slides were air dried for 30 min.

After drying,

the slides were flooded with the working concentration of Hoechst stain
and were incubated at room temperature (22-25° C) for 10 min.

The

stain was poured off and the slides were washed twice with distilled
water.

Macllvaine's buffer was applied to the slide and a coverslip

was placed over the buffer.

The cells were examined with a fluorescent
20
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microscope.

The filter system employed was the BG-12 excitor and the

K510 suppression filter.

This system revealed a yellow-green

fluorescence of the nuclear material of the cells and the mycoplasma if
present.

A UG-1 excitor and a K430 suppression filter also was used.

This system revealed a blue-gray fluorescence.

A speckled fluorescent

pattern in the cytcplasm of the cells indicated the presence of
mycoplasma.

Mycoplasma contamination also was investigated by

inoculating the cells on complete mycoplasma agar supplemented with
0.1% arginine, 0.1% glucose, and 0.002% calf thymus DMA.

Cells were

grown in culture for 3 to 4 weeks in the absence of antibiotics.

After

passage, cells were incubated for 3 days in the RFMI-1640 medium.
After this time period, 0.2 ml of the medium containing cells was
inoculated onto the agar.

Three plates were inoculated and incubated

one each in air, in 5% 002 and under anaerobic conditions.

Plates were

observed by microscopic examination (50-100X) periodically for three
weeks.

The presence of colonies with a "fried egg" appearance was

indicative of mycoplasma.

Plates which appeared to have suspicious

colony growth were stained with Dienes' stain.

When stained, the

mycoplasma colonies appear to have dark centers and light blue
peripheries and they appear highly granular.
for mycoplasma colonies.

The stain is not specific

Bacterial colonies will also stain, but they

are distinguishable from mycoplasma because they decolorized the stain
after 30 min, whereas the mycoplasma will retain the stain for a few h.
Cells were determined to be free of mycoplasma.
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Non-specific Esterase
The presence of non-specific esterase activity was documented by
cytological demonstration of a-naphthyl acetate esterase.

Cells were

placed on a slide by cytocentrifugation and were dried thoroughly.
Cells also were cultured in chamber slides which were used for the
esterase staining procedure.

Cells were fixed on the slide by placing

the slide in citrate-acetone-methanol fixative for 30 sec at room
temperature (18-26° C ) .

Slides were washed thoroughly with deionized

water and allowed to air dry for 30 min.

Immediately prior to staining

the slides, 1 capsule of feist blue KR salt was added to 50 ml T R I Z M A L ™
7.6 dilute buffer solution prewarmed to 37° C with constant stirring.
Two ml of a-naphthyl acetate solution was added after the salt was
completely dissolved.

Ihe solution was stirred for 20 sec and was

poured into a Coplin jar.

Specimens were placed in the staining

solution and incubated at 37° C for 30 min in the absence of light.
Slides were removed from the stain, washed with deionized water for 3
min and counterstained with Mayer's hematoxylin.

Slides were washed

with tap water, air-dried, and examined microscopically under oil
immersion.

The presence of dark staining granules was indicative of

non-specific esterase activity.

Isolation of the Lysosomal Fraction
Cells were cultured in RFMI-1640 medium as described above in 15
to 20 separate flasks.

After the cell count reached 1.8-2.0 X 106

cells per ml, they were removed from the flasks, centrifuged at 1000 X
g for 5 min and placed in an ice bath until washing and fractionation.
The TPA treated cells were suspended in the medium by

mechanical
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scraping of the flask surface with a cell scraper.

The mechanical

disruption appeared to dislodge most of the cells and treatment with
trypsin or EDIA was not required.

Once suspended, the cells were

transferred to a centrifuge tube, subjected to centrifugation at
1000 X g for 5 min and placed in an ice bath.

After the initial

centrifugation, the medium was removed from the pellet of cells and the
cells were resuspended in phosphate buffered saline (PBS).
constituted the first washing of the cells.
at 1000 X g for 5 min.
discarded.

This

The cells were centrifuged

The supernatant fluid was removed and

The cells were resuspended in PBS and the washing process

was repeated two more times.

After the last wash, the s u p e m a t e was

removed by aspiration to yield a pellet of cells which was free of
excess liquid.

Wet weight of the cells was determined.

The cells were

suspended in 0.25 M sucrose containing 1.0 mM MgCl2 at a concentration
of 4 X 107 cells per ml.

The cells were suspended thoroughly and

disrupted by nitrogen cavitation as follows.

The cell suspension was

placed in a nitrogen bomb under 180 psi for 15 min.

The pressurized

cell suspension was released from the bomb dropwise

and collected.

The disrupted cells were examined microscopically to insure that the
cells had been effectively lysed.
1000 X g for 5 min.
removed and saved.

The cell extract was centrifuged at

After centrifugation, the supernatant fluid was
The pellet was resuspended in 2 ml of the sucrose

solution and homogenized in a Potter-Elvehj em type Teflon pestle glass
homogenizer.

The homogenate was centrifuged at 1000 X g for 5 min.

The supernatant fluid was removed and the pellet discarded.

The

supernatant fluid was centrifuged at 10,000 X g for 10 min.

This

yielded a lysosome rich pellet and a supe m a t e which was discarded.
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The lysoscmes were suspended in 0.25 M sucrose containing 0.1% Triton
X-100. The volume of sucrose solution was determined by the number of
cells which were in the original suspension.
at 8.0 X 107 cells/ml.

The cells were suspended

The pellet was thoroughly suspended in the

solution and placed in a glass conical centrifuge tube.

This

suspension was sonicated using a Sonifier probe sonicating device
(Branson Instruments Incorporated) at 4-5 ampers for 10-15 sec.

This

step was done to disrupt the lysosomal membranes which resulted in
soluble enzymes.

The extract was centrifuged at 10,000 X g for 10 min.

After the centrifugation the supernatant fluid was saved and the pellet
discarded.

The supe m a t e was stored at 4° C and all enzyme assays were

performed within one week.

All steps, unless otherwise specified, were

carried out a 4° C.

Preparation of a Whole Cell Lysate
Whole cell lysates were prepared by suspending the cell pellet in
a small volume of 0.25 M sucrose:0.1% Triton-X 100.

The exact amount

of sucrose solution added to the cell pellets was dependent on the
amount of cells harvested and was generally calculated as 1 ml of
sucrose solution per 0.20 g of cells.

The cell suspension was mixed

well and sonicated with the probe sonication device at 4-5 ampers for
30 sec.

The resultant whole cell lysates were then tested in the same

manner as the lysosomal fraction lysates for levels of enzyme activity.

Concentration of Enzymes in the Media
A volume of 50 ml of medium was removed from the culture flask and
the cells were removed.

Ammonium sulfate was added to 90% saturation
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and the medium was stirred for 30 minutes at 4° C.

The medium was

subjected to centrifugation at 10,000 X g for 15 min.

The protein

containing pellet was resuspended in 3 ml PBS and dialyzed against PBS
overnight.

Medium was collected from the dialysis tubing and assayed

for the enzymes.

Protein Determination
Protein concentration for the lysosomal fraction was measured
using a Technicon Auto-Analyzer.

The principal of the test system is

based on the Irwry-protein determination (Lcwry et al. 1951).
Comparison of the absorbance reading of a known bovine albumin standard
and an unknown extract yielded a value which constituted the protein
concentration.

Calculation is as follows:

Absorbance of the sample X mo/ml protein in std. X Dilution = mg/ml
Absorbance of the Standard
protein

A standard curve was prepared for protein determination and is
presented on the following page (Figure 2).

Nucleic Acid Concentration
The percentage of nucleic acids in the extracts was determined
using the method of

Warburg and Christian (Colowick and Kaplan 1957).

The absorbance of the solution at 280 nm and 260 nm was measured and a
ratio of the two readings was compared to a table (Colowick and Kaplan
1957 p. 453) which gave the resulting percentage of nucleic acid.

The

percent concentration of nucleic acid in the lysosomal extracts never
exceeded 4% of the total protein contentration.

The concentration of
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Figure 2.

The standard curve for protein determination using the

Lowry method (Lowry et al. 1951)
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nucleic acid in the whole cell lysates was higher and was in the range
of 9-12% of total protein.
Chymotrypsin Assay
The concentration of chymotrypsin in the cell extracts was
determined with the use of a modification of the method of Hummel
(Decker 1977).

Volumes of 1.5 ml of 0.08 M Tris-HCl buffer, pH 7.8,

and 1.4 ml of 0.00107 M benzoyl-L-tyrosine ethyl ester were combined
and the temperature was maintained at 25° C.

This solution was

degassed using a side arm flask connected to a vacuum.

The substrate-

buffer solution was measured into separate quartz cuvettes and placed
in the temperature controlled reading chamber of the spectrophotometer.
After 5 min temperature equilibrium was reached and a blank reading was
recorded.

One-tenth of a ml of extract was added to the cuvette and

the solution was mixed.
for 5 min.

Absorbance readings were recorded every 11 sec

The increase in absorbance at 256 nm per min was calculated

from the linear portion of the reaction curve and a rate was
calculated.

A standard curve was prepared using a-chymotrypsin from

bovine pancreas.

The change in absorbance per min was plotted versus

the concentration of enzyme protein per assay.

A graph of the results

was prepared and is presented on the following page (Figure 3).

A unit

of activity is defined as the amount of enzyme hydrolyzing one /nmole of
benzoyl-L-tyrosine ethyl ester (BTEE) per minute at pH 7.8 and 25° C
under the specified conditions.

Lysozyme Assay
The concentration of lysozyme present in the cell extracts and the
medium was determined using a modification of a method suggested by

Figure 3.

The standard curvie for chymotryps in activity reported

as micrograms of chymotryps in versus the change in absorbance per
minute at 256 nm (incubation time was 5 min)
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Shugar (Decker, 1977).

A 0.03 % solution of Micrococcus lvsodeikticus

cells in a volume of 1 ml was combined with 1.9 ml of 0.1 M potassium
phosphate buffer, pH 7.0.

The solution was warmed to 25° C and

degassed using the method described above.
measured into separate glass cuvettes.

Aliquots of 2.9 ml were

The cuvettes were placed in the

temperature controlled chamber in the spectrophotometer and allowed to
equilibrate for 5 min.

The sample containing enzyme protein (0.1 ml)

was added to the cuvette and mixed thoroughly.
were taken every 11 sec.

Absorbance readings

A decrease in absorbance of the solution at

450 nm was recorded and a reaction rate was calculated using the linear
portion of the reaction curve.

A standard curve was prepared using

lysozyme prepared from chicken egg white.

The reaction rate was

plotted versus the amount of enzyme protein in the reaction mixture.

A

graph of the results was prepared and is presented on the following
page (Figure 4).

A unit of activity is defined as the amount of enzyme

causing a decrease in turbidity of 0.001 per minute at 450 nm at pH 7.0
and 25° C under the specified conditions.
|
Elastase Assay
The concentration of elastase present in the cell extracts was
determined by the method of Sacher et all (Decker 1977), in which
elastin, impregnated with orcein, is solubilized by elastase and the
released dye is measured colorimetrically.

Twenty mg of dye-

impregnated elastin was placed in a test tube and a quantity of 0.2 M
Tris buffer, pH 8.8, was added to a final volume of 2 ml.

The buffer

solution was placed in a 37° C water bath and varying amounts of
extract was added to each tube.

The tubes were placed on a shaker in a

Figure 4.

The standard curve for lysozyme activity repo:irted as

the rate of decreasing absorbance at 450 nm per minute versus the
concentration of pure enzyme in the reaction mixture.
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37° C water bath and were incubated for 20 min.

The reaction was

stopped by adding 2.0 ml of 0.5 M phosphate buffer, pH 6.0.

The sides

of the tubes were washed with 1 ml of H 20 and the solutions were
filtered using Whatman #2 filter paper.

The absorbance of the

solutions at 590 nm was measured against a blank.

The mg of elastin

digested was calculated from a standard curved prepared for elastin
digestion which is shewn on the following page (Figure 5). The
'
standard curve for elastin digestion was prepared by incubating a
series of weighed samples of orcein impregnated elastin with excess
pure elastase for about 24 h.
absorbance at 590 nm.

The filtrates were measured for

Absorbance was plotted against mg of elastin.

A

standard curve for specific levels of pure enzyme incubated with excess
elastin was also prepared and is presented on the following page
(Figure 6).

A unit of activity is defined as the amount of enzyme

solublizing one mg of elastin in 20 minutes at 37° C under the
specified conditions.

Ribonuclease Assay
The concentration of ribonuclease in the cell extracts was
determined using a modification of the method of Kalnitsky et a l .
(Decker 1977).

The rate of hydrolysis of yeast RNA at pH 5.0 was

determined by measuring the amount of acid soluble oligonucleotide
liberated under defined conditions.

Varying amounts of cell extract

and 0.10 M sodium acetate buffer, pH 5.0, were added to a centrifuge
tube to a final volume
5-8 min.

of 1.5 ml.

Tubes were incubated at 37° C for

At zero time and at timed intervals, 0.5 ml of 1% yeast RNA

was added to each tube.

After 4 min of incubation, the reaction was

Figure 5.

The standard curve for elastin digested using an

excess amount of pure enzyme for varying amounts of orceinimpregnated elastin.

Hie absorbance of the solution at 590 nm is

plotted versus the amount of elastin digested
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Figure 6.

The standard curve for elastase activity.

The

concentration of elastase is plotted viersus the absorbance at
590 nm.
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stopped by adding 1.0 ml of uranyl acetate-perchloric acid solution.
The tubes were transferred to an ice bath and cooled for 5 min.

The

reaction mixtures were subjected to centrifugation at 4,700 X g for 15
min.

The supernatant fluid was diluted 1:3 with glass distilled water

and the absorbance of the solution at 260 nm was recorded.

A standard

curve was prepared using pure crystallized ribonuclease from bovine
pancreas and is presented on the following pages (Figure 7).

A unit of

activity is defined as the amount of enzyme which causes an increase in
absorbance of 1.0 at 260 nm at 37° C and pH 5.0 under specified
conditions.

/3-Glucuronidase assay
The concentration of /3-glucuronidase present in whole cell
extracts was determined by using a method first described by Fishman
et a l . (1948).
substrate.

In this assay, phenolphthaleingucuronidate acted as the

A 0.01 M concentration of the substrate was used in a

volume of 0.1 ml per assay.

A volume of 0.8 ml of 0.1 M sodium

acetate, pH 4.5 was added to each tube containing substrate.
solution was warmed to 37° C for 5 min in a water bath.

This

At timed

intervals, 0.1 ml of sample containing enzyme protein was added to each
tube.

After 30 min, the reaction was stopped by the addition of 5 ml

of 0.2 M glycine with 0.2 M sodium chloride, pH 10.7.

The tubes were

removed from the water bath, cooled to room temperature and the
absorbance read at 450 nm.

The number of micromoles of phenolphthalein

liberated by the enzyme in the extracts was determined from a standard
curve (Figure 8).

One unit of activity is defined as cleaving one

micromole of pherolphthaleinglucuronidate per min at 37° C and pH 4.5

Figure 7.

The standard curve for ribonuclease activity.

The

amount of enzyme hydrolyzed in 4 minutes is plotted versus the
absorbance of the solution at 260 nm.
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Figure 8.

The standard curve for the amount of phenolphthalein

liberated from phenolphthaleinglucuronidate when incubated in the
presence of excess pure /3-glucuronidase.
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under the specified conditions,

A standard curve was prepared for pure

enzyme and is presented on the following page (Figure 9).

Figure 9.

The standard curv<e for /3-glucuronidase activity

reported as the amount of abso:irbance at 540 nm per milligram of
pure enzyme.
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RESULTS

Demonstration of Macrophage Characteristics
The HL-60 cells were exposed to 100 nM 12-O-tetradecanoyl-phortol13-acetate (TPA) for 48 h.

Before treatment with TPA, the cells grew

in suspension and were spherical in shape.
the cells to
changes.

Treatment with TEA induced

differentiate which resulted in distinct morphologic

The cells attached to the surface of the flask within 12

hours, and were no longer spherical, but were flattened with pseudopod
formation (Figure 10 and 11).

Differentiation of the cells also

resulted in distinct biochemical changes.

The degree to which the

cells demonstrated non-specific esterase activity was determined by the
a-napthyl acetate esterase test.

The undifferentiated cells had a low

level of activity (Figure 12), while the differentiated cells had a
much higher level of activity indicated by the large number of dark
staining granules in the cytoplasm of the cells (Figure 12).

The

differentiated cells are capable of phagocytizing yeast particles.
Candida albicans cells were opsonized by exposure to human AB serum and
were added to the culture flasks.

Within 60 to 90 minutes the

differentiated cells began ingesting the yeast cells and after 24 hours
nearly 80% of the cells had phagocytized one or more yeast particles
(Figure 13).

The undifferentiated cells were unable to phagocytize to

any significant extent (1-2% ingestion rate).
All the above characteristics including the morphologic changes and
high non-specific esterase activity, are consistent with these cells
being classified as macrophages.

The phagocytic capacity of these
47

Figure 10.
hours,

TOP:

Undifferentiated HL-60 cells in culture for 72

(magnification x400)

BOTTOM:

Differentiated HL-60 cells

incubated in the presence of 100 nM TPA for 48 h.
x400)

(magnification

50

Figure 11. HL-60 Cells which have diffeerentiated to macrophageto 100 nM TPA for 48 h
like cells after being
(magnification xlOOO)

Figure 12.
TOP:

Non-specific esterase activity
ivit in HL-60 cells.

Undifferentiated cell s with a low level of activity

indicated by the lew amount of granule formation.
BOTTOM:

Differentiated cells with a high level of activity

indicated by the increased amount of granule formation.

Figure 13.

Differentiated HL-60 cell which has ingested

of yeast particles (magnifiication xlOOO)

number
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cells is not only important in classifying these cells as macrophages
but also in demonstrating they are immunologically competent cells.
■

The Serine Proteinases
Chymotrypsin
The concentration of chymotrypsin or a "chymotrypsin-like" enzyme
was determined for the lysosomal fraction and for the whole cell
preparations.

The synthetic substrate that was used is not only

degraded by chymotrypsin, but also by other "chymases" which are
characteristically found in phagocytic cells (Barrett 1980).

The rate

of increase in absorbance at 256 nm was measured for the individual
preparations and activity was calculated in units per gram of cell
protein (Figure 14).

Little or no activity was found in the whole cell

fractions while in the lysosomal fraction, the amount of chymotrypsin
was found to be significantly higher (p<0.005) in cells which had
differentiated (Table 1).

These results indicate that the enzyme is

contained within the lysoscmes in these cells.

The culture media also

were tested for the presence of chymotrypsin.

This enzyme was not

detectable in any of the media tested using this assay system. Our
results have led to the conclusion that chymotrypsin is not secreted by
HL-60 cells whether undifferentiated or differentiated.

The amount of

chymotrypsin in the lysoscmes of cells which had phagocytized yeast was
not determined. Phagocytosis stimulates the release of lysosomal
enzymes; therefore isolation of lysoscmes from these cells and
quantitation of the enzymes would have been misleading.

Figure 14.

Chymotrypsin ac
.ctivity in the lysosomal cell fraction,

Presence of the enzyme is demonstrated by plotting the activity
in units per g of protein versus the reai.ction time.
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TABLE 1:

Enzyme Activity in the Lysosomal Fraction

Chymotrypsin
(units/g)

Elastase
(units/g)

Ribonuclease
(units/g)

1,560 ± 44

Control HL-60
Cells

21 ± 4.9

< 10a

TPA treated
HL-60 Cells

46 ± 7.7b

< 10a

Data are means ± S.E. for five separate assays
abelow the detectable limit of the assay
b£ <0.005 compared to control
C£ <0.0005 compared to control
d£ <0.025 compared to control

803 ± 139b

Lysozyme
(units/g)

3 -glucuronidase
(units/g)

17,550 ± 233

3,257 ± 538

6,933 ± l,753c

1,689 ± 224d
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Elastase
The concentration of elastase was determined in the lysates
prepared from lysosomes and whole cells of undifferentiated,
differentiated and phagocytizing cells.

Enzyme activity was detected

by measuring the rate of digestion of orcein-elastin based on the
observed change in absorbance at 590 nm as described in detail in the
text (p.35) and figure 5 (p. 37).

The amount of orcein released was

calculated from a standard curve.

Absorbance was measured for

different protein concentrations in the reaction mixture (Figure 15)
and activity was determined by calculating units of activity per gram
of protein.

The lysosomal fraction from differentiated and

undifferentiated cells did not contain elastase in concentrations high
enough to be detected by this assay.

However, in the whole cell

lysates the enzyme was detectable and concentrations were determined.
The amounts of elastase in undifferentiated cells and undifferentiated
cells which had been exposed to yeast particles were not significantly
different (Table 2).

However, when the levels of enzyme in

differentiated cells were compared to those of control cells, there was
a significantly higher (p<0.005) concentration of elastase in
differentiated cells (Table 2).

Yeast ingestion by the differentiated

cells induced an even greater production of elastase.

The

concentration of the enzyme was increased by more than 100% when cells
had been exposed to yeast particles for 24 hours (Table 2).

It was

concluded from these results that elastase is not located within
lysosomes but is contained elsewhere in the cell.

Although elastase is

known to be secreted by macrophages (Wert and Gordon 1975), the amount
of enzyme in the medium could not be determined due to the limitations

Figure 15.

Elastase activity in whole cell lysates. Activity is

demonstrated by plotting the absorbance versus the mg of protein
in the reaction mixture.
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TABLE 2:

Enzyme Activity in Whole Cell Lysates

Chymotrypsin
(units/g)

Elastase
(units/g)

Ribonuclease
(units/g)

Lysozyme
(units/g)

8-glucuronidase
(units/g)

Control HL-60
Cells

< 20a

34 ± 4.9

<20a

34,500 ± 298

898 ± 65.7

Control HL-60
Cells + yeast^

< 20a

30 ± 3.6

<20a

31,100 ± 550

802 ± 79.5

TPA treated
HL-60 Cells

< 20a

57 ± 6.8C

<20a

8,300 ± 250c

786 ± 111.6

TPA Treated
HL-60 Cells
+ yeastb

< 20a

127 ± 54.8d

<20a

< l,000a

757 ± 122.5

Data are means

±

S.E. for three separate assays

abelow the detectable limit of the assay
^TPA treated cells were incubated for 72 h in the presence of TPA and were then exposed to C^ albicans
(opsinized with human AB serum) for 24 h
c£ < 0.005 compared to control
dp <0.005 compared to TPA treated control
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of the colorimetric assay.

Therefore, it remains unknown as to whether

HL-60 cells secrete elastase into the culture medium.

Nucleases
Ribonuclease
The amount of ribonuclease in the lysates was determined by
measuring the rate of hydrolysis of yeast ENA at 260 nm and determining
the activity in units per g of protein (Figure 16).

Because of the

presence of nucleic acids in the whole cell preparations, the amount of
ribonuclease could not be determined using this assay (Table 2).
Therefore, the concentration of ribonuclease was determined in the
lysosomal fractions from control cells and differentiated cells (Table
1).

The differentiated cells had significantly less (p<0.005)

ribonuclease in the lysoscmes than the control cells.

It is concluded

from these results that ribonuclease is contained within the lysosomes
of HL-60 cells.

The amount of ribonuclease activity in the media was

determined and found to be below the detectable level of the assay
(Table 3).

Ribonuclease is not characteristically secreted by

macrophages.

Therefore the absence of the enzyme in the culture media

of HL-60 cells is in agreement with macrophage characteristics.

The

limitations of the assay did not allow for the quantitation of
ribonuclease in cells which had phagocytized yeast.

Hence, the

response of this enzymes production to phagocytic stimuli cannot be
determined.
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Figure 16.

Ribonuclease activity in 1;.ysosomal preparations,

Enzyme demonstrated by plotting the activ:ity in units per gram
versus the reaction time.

TABLE 3:

Enzyme Secreted into the Medium
Activity3

Chymotrypsin

Elastase

Ribonuclease

Lysozyme

3 -Glucuronidase

Control HL-60
Cells

< 20c

ND

< 20c

4,500 ± 500.0

894 ± 6 1 . 7

Control HL-60
Cells + yeastb

< 20c

ND

< 20c

3,667 ± 333.3

1,018 ± 92.7

TPA treated
HL-60 Cells

< 20c

ND

< 20c

23,093 ± 2,796.5d

3,509 ± 7.5e

TPA treated
HL-60 Cells
+ yeastb

< 20c

ND

< 20c

19,888 ± 1,911.5

3,001 ± 370.9

Data are means ± S.E. for three separate assays
ND - not done
aall activity is reported in units of enzyme secreted per 1 X 1 0 ^ cells (approximately 1 g of cells)
bTPA treated cells were incubated for 72 h in the presence of TPA and were then exposed to C. albicans
(opsonized with human AB serum) for 24 h
cbelow the detectable limit of the assay
dp <0.025 compared to control
0

p < 0.005 compared to control
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Secreted Lysosomal Hydrolases
Lvsozvme
Hie amount of lysozyme in whole cell lysates, lysosomal
preparations and the media was determined in control cells,
differentiated cells, and differentiated cells which had phagocytized
yeast particles.

The enzyme was quantitated by determining the rate of

hydrolysis of cell wall from Micrococcus lvsodeikticus by measuring the
decrease in absorbance at 540 nm as described in detail in the text
(p.35,40) and in figure 7 (p.42).

The activity of the enzyme was

calculated and expressed in units per mg of protein for the lysates
(Figure 17) .

Because of the presence of large amounts of serum protein

in the media, activity of the secreted enzyme was calculated on the
basis of cell number (Figure 18).

Lysozyme activity was significantly

lower (p<0.005) in the lysosomal fraction from cells which had
differentiated (Table 1).

Results from whole cell lysates are in

agreement with these results and also revealed that there is a
significantly lower level of lysozyme in differentiated cells (Table
2).

It was concluded from these results that intracellular levels of

lysozyme are decreased in differentiated HL-60 cells.

It was also

concluded that lysozyme is located in the lysosomes of these cells as
it is in macrophages.
Although the intracellular concentration of lysozyme was decreased
markedly in differentiated cells, one cannot conclude that these cells
actually decrease production of the enzyme.

The quantitation of

lysozyme in the media is essential in order to determine the true
patterns of lysozyme production.

In response to differentiation,

Figure 17.

Lysozyme activi.ty in the 1;ysosomal cell fraction,

Enzyme demonstrated by plott
ting the actr.vity in units per mg of
protein versus the reaction
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Figure 18.

Lysozyme activity in the cuTture medium.

Activity

demonstrated by plotting the activity in units per 107 cells
versus the reaction time.

Time (min)
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HL-60 cells were found to secrete lysozyme in concentrations three-fold
higher than control cells (Figure 18 and Table 3).

Although the

concentration of intracellular lysozyme appears to decrease in response
to differentiation, the increase in secreted enzyme clearly shows that
lysozyme secretion increases in response to differentiation.
These results also led to the conclusion that lysozyme production
is not increased in response to phagocytosis and may even decrease.
This is indicated by the decrease in intracellular lysozyme activity in
phagocytiz ing cells (Table 2).

The level of secreted lysozyme in

phagocytizing cells was not significantly different than in
differentiated cells (Table 3),

leading to the conclusion that

phagocytosis does not stimulate increased production of lysozyme.
However phagocytosis does appear to stimulate complete secretion of the
enzyme (Table 2).
/3-Glucuronidase
The concentration of /3-glucuronidase was determined in the
lysosomal cell fraction, the whole cell fraction and the medium from
control cells, differentiated cells and phagocytizing cells.

The rate

of liberation of phenolphthalein from phenolphthaleinglucuronidate was
measured, based on the observed change in absorbance at 540 nm as
described in detail in the text (p.40) and in figure 8 (p.44).

The

amount of phenolphthalein liberated was calculated from a standard
curve.

The activity was reported in units pier gram of protein in the

lysates (Figure 19) and units pier 105 cells for the media (Figure 20).
When whole cell lysates were tested, there were no significant changes
in the amount of /3-glucuronidase in control cells, differentiated cells
or phagocytizing cells (Table 2).

However, the concentration of

Figure 19.

/3-Glucuronidase activity in whole cell lysaites.

Activity is demonstrated by plotting the absorbance at 540 nm
versus the mg of protein in the reaction mixture.
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Figure 20.

/?-glucuronidase activity in the media.

Enzyme

activity reported by pl<otting absorbance at 540 nm versus the
cell number.
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lysosomal /3-glucuronidase decreased significantly (p<0.025) in
differentiated cells (Table 1).
The amount of /3-glucuronidase secreted by differentiated cells was
significantly higher (p<0.005) than control cells (Table 3).

As was

found with the enzyme lysozyme, phagocytosis did not appear to
stimulate production and secretion of /3-glucuronidase (Table 2 and
Table 3).

DISCUSSION
A number of hydrolytic enzymes were quantitated and their locations
in HL-60 cells determined in an effort to definitively characterize TPA
induced differentiated cells as macrophages.

A comparison of these

results with known macrophage characteristics has led to a broader
knowledge concerning the differentiated cells and their similarity to
macrophages.
The serine proteinases are a group of enzymes which are well
characterized and studied.

Chymotrypsin belongs to this group of

proteases and is thought to have the same biological activity as
cathepsin G.

This is supported by the observation that cathepsin G is

j

|

inhibited by a-l-antichymotrypsin (Travis et al. 1978).

Cathepsin G is

found in phagocytic cells such as polymorphs and mast cells and is
stored in the auzurophilic granules (Barrett 1980), which serve much
the same function as lysosomes in macrophages.

Macrophages contain a

number of cathepsins including form B, which is a thiol proteinase, and
form D, a carboxyl proteinase (Barrett 1980). These enzymes play a role
in protein degradation within the host (Lesser et al'. 1985) but appear
to be distinct from chymotrypsin.

Macrophages also contain a

chymotrypsin-1 ike esterase which hydrolyzes N-acetyl-L-tyrosine ethyl
ester (Rojas-Espinosa et al. 1975).

Althou^i a number of "chymases" or

chymotrypsin-lihe enzymes have been isolated from different phagocytic
cells, their substrate specificity is often the same.

Therefore, both

natural and synthetic substrates are acted on by these enzymes.

The

chymotrypsin or chymotryps in-lihe enzyme isolated from HL-60 cells
acted on the synthetic substrate benzoyl-L-tyrosine ethyl ester.

The

concentration of the enzyme in differentiated cells was found to be
79
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greater than in undifferentiated cells.

Chymotrypsin is localized

primarily in the lysozomes and was not secreted into the medium.

This

enzyme is found in immunologically competent phagocytic cells (Barrett
1980) and its presence in increased amounts in differentiated HL-60
cells is a factor in characterizing these cells as immunologically
competent.
Another well studied serine proteinase, elastase, is also an
abundant hydrolytic enzyme found in macrophages.

Elastase production

and release by macrophages has been well documented (Werb and Gordon
1975) and plays an important role in inflammatory reactions.

It

appears that macrophage elastase differs from the elastase found in
pancreas and granulocytes and is distinct from other secreted
proteinases of the macrophage (Werb and Gordon 1975).

In macrophages,

very little elastase is stored and it is normally secreted by these
cells.

In response to stimulation such as phagocytosis of indigestible

particles, the levels of secreted elastase increase, whereas
unstimulated macrophages secrete very little enzyme.
HL-60 cells were found to contain elastase, which does not appear
to be contained within the lysosomes (Table 1).

In response to

differentiation, the amount of elastase in the cells increased
significantly which indicates that the cells had matured to a more
competent immunological cell.

Phagocytosis of yeast particles induced

an even greater increase in elastase levels.

Components in the media

interfered with the elastase assay; therefore, secreted elastase
concentrations could not be determined.

Subsequently, a complete

correlation with macrophages could not be demonstrated.
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It was concluded that the production of elastase by differentiated
and phagocytic cells is in accordance with that of macrophages and
serves as a basis for classifying differentiated cells as being capable
of macrophage immune function.
Ribonuclease is a hydrolytic enzyme which in addition to
hydrolysis, is capable of transfer reactions.

Nucleases in general are

often capable of both hydrolytic and transfer reactions and
classification of the nucleases as one or the other has been and is
controversial (Dixon and Webb 1979).

In macrophages, ribonuclease has

been isolated from the lysozcmes (Starling and Weese 1985).

In this

study, ribonuclease was detected in the lysosomal fraction from HL-60
cells.

Although ribonuclease has hydrolytic properties and is

contained within the lysosomes, its activity did not increase, but
rather decreased in differentiated cells (Figure 16).

This might be

explained by the fact that nucleases are not involved in the hydrolytic
functions of the macrophage and are therefore not increased in response
to differentiation.

An alternative explanation is that the activity is

decreased in differentiated cells in response to termination of cell
division which occurs when cells differentiate.

Ribonuclease was not

secreted by the HL-60 cells; therefore secretion of the enzyme can not
account for the decreased levels of ribonuclease in differentiated
cells.

The presence of ribonuclease in the lysosomes of HL-60 cells is

a macrophage characteristic supporting the proposal that these cells
have macrophage functions.
Lysozyme is an enzyme which hydrolyzes /3-l,4 glycosidic linkages in
bacterial cell walls and is believed to be important in the digestion
of particles ingested by phagocytic cells (Gordon et al. 1974).
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Lysozyme is contained within the lysosomes and is readily secreted by
macrophages when they are activated.

In our study, undifferentiated

HL-60 cells contained lysozyme which was located in the lysosomes.
When the cells differentiated, the concentration of lysosomal lysozyme
did not increase, however the amount of secreted enzyme increased
(Tables 1 and 3).
al.

These results are consistent with those of Rovera et

(1979a and 1979b).
As in macrophages (Schnyder and Baggiolini 1978a), phagocytosis had

very little or no effect on lysozyme production and secretion.

These

results are supportive of the common properties between differentiated
HL-60 cells and macrophages, serving to further substantiate that these
cells are macrophage-like.
/3-glucuronidase, like lysozyme, is an acid hydrolase which
hydrolyzes conjugated glucuronides.
lysosomes of macrophages.

It is also located in the

Previous studies have shown that /3-

glucuronidase, like lysozyme, is continuously secreted by the
macrophage, while intracellular levels remain constant (Schnyder and
Baggiolini 1978b).

Ingestion of particles by macrophages does not

elicit increases in production or secretion of /3-glucuronidase (Table
3).
Assay of the lysosomal fraction from HL-60 cells yielded results
which indicated that /3-glucuronidase was contained in the lysosomes.
It was also concluded that differentiation had little or no effect on
the intracellular activity of /3-glucuronidase;

however secretion of

the enzyme was significantly increased in these cells.

These results

indicate that although intracellular enzyme activity remained constant,
the secretory capacity of differentiated cells is enhanced.
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The amount of enzyme activity in cells which had phagocytized yeast
cells was not significantly different from that of differentiated
cells.

This closely parallels the macrophage characteristics described

by Schnyder and Baggiolini (1978b).

These results have led to the

conclusion that differentiated HL-60 cells closely resemble macrophages
in their capacity to produce, conpartmentalize and secrete /3-glu
curonidase.
The cumulative results of this study indicate that differentiated
HL-60 cells are morphologically and functionally macrophages which are
equipped with the necessary components to be immunologically functional
phagocytic cells.

On the basis of their capacity to function as

macrophages, it seems reasonable that these cells could be used as a
model system for the study of macrophage function and its relationship
to viruses, parasites and bacteria.

More specifically, the capacity of

certain microorganisms to resist macrophage killing could be studied
and perhaps overcome using this easily cultured cell line.

SUMMARY
In an effort to more specifically define the immune capacity of
HL-60 cells, we determined the concentration and location of a number
of lysosomal hydrolases.

Chymotrypsin, elastase, ribonuclease,

lysozyme, and /3-glucuronidase were assayed.

A review of the literature

concerning the presence and concentrations of these enzyme activities
in macrophages in response to phagocytic stimuli served as a
comparative model for the results obtained.

The response of the HL-60

cells to differentiation and phagocytic stimuli is in accordance with
that seen in macrophages.

This correlation with macrophage

characteristics has served as a basis for more definitively
characterizing these cells as macrophages.

The experimental findings

also have led to the proposal that these cells may be used as a model
system for macrophage function in response to infection with resistant
microorganisms.
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MYCOPLASMA DETECTION
C a m a y ' s Fixative
10 ml
30 ml

Glacial acetic Acid
Absolute methanol
Mix and use fresh at each fixation
Phosphate Buffered Saline, 0.01 M, pH 7.2
Stock Buffer
Na2HP04
NaH2P04 H20
Distilled H 20 q.s. to

13.7 g
3.9 g
500 ml

Working buffer
Stock buffer
NaCl
Distilled H20 q.s. to

4 ml
0.85 g
100 ml

Macllvaine's Buffer, pH 5.5
0.1 M citric acid
H ?C6H507 H 20
Distilled H 20 q.s. to
q .2

M disodium phosphate
Na2HP04 7H20
Distilled H 20 q.s. to

Working pH 5.5 buffer
0.1 M citric acid
0.2 M disodium phosphate

2.1 g
100 ml

5.4 g
100 ml

66.6 ml
83.4 ml

Adjust to pH 5.5

Bisbenzamide (Hoechst #33258) Fluorochrome
Stock solution
Hoechst fluorochrome
Distilled H20

5 mg
100 ml

Dissolve the stain in the water. Add 10 mg of thimerosal, dissolve and
store the solution at 4 C, protected from light. Do not filter because
the stain binds to membrane filters.
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Modified Dienes' Stain

Stock solution
Methylene blue
Azure II
Maltose

2.50 g
1.25 g
10.00 g
0.25 g
100 ml

Na2C03
Distilled H20
Working solution
Stock Dienes' Stain
Distilled H 20

10 ml
20 ml

12-O-tetra-decanoyl0iorbol-13-acetate (TPA)
5 mg
8.1 ml

TPA (crystalline)
Dimethylsulfoxide(CMSO)

CFT.T, HARVEST

soidtcons

0.25 M sucrose containing l.OmM MgCl2
42.8 g
0.1 g
500 ml

Sucrose
MgCl2
Distilled H20

0.25 m sucrose containing 0.1% Triton X-100
100 ml
0.1 ml

0.25 M sucrose: 1.0 mM MgCl2
Triton X-100

CHYM0TRYPSIN ASSAY
0.08 M Tris-HCl buffer
Tris (hydroxymethyl) aminoroethane
Distilled H 20 q.s. to

4.84 g
500 ml

Adjust the pH to 7.8 with HC1.
0.00107 M Benzoyl-l-tyrosine ethyl ester
Benzoyl-l-tyrosine ethyl ester
Absolute methanol
Distilled H 20

Chymotrypsin

38
63
50
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10 mg
10 ml

Pure enzyme
0.001 N HC1
0.1 M Potassium phosphate

6.80 g
500 ml
11.41 g
500 ml

k h 2p o 4

Distilled H20 q.s. to
K?HP04 h 2o
Distilled H 20 q.s. to
Make solutions separately and combine them to achieve a
solution with a pH of 7.0.
LYSOZYME
Micrococcus lysosdeikticus cells
Dried Micrococcus lvsodeikticus cells
0.1 M Phosphate buffer, pH 7.0

9 mg
30 ml

Lysozyme
10 mg
10 ml

Pure enzyme
Cold glass distilled H 20

ELASTASE
0.2 M Tris buffer
Tris (hydroxymethyl)aminomethane
Distilled H 20 q.s. to

12.1 g
500 ml

Adjust the pH to 8.8 with HC1.
0.5 M Phosphate buffer
34.0 g
500 ml
57.0 g
500 ml

KH2P04
Distilled H20 q.s. to
K?HP04
Distilled H20 q.s. to

Make up the two solutions separately and add to each other to give a
solution with a pH of 6.0.

Elastase
Dilute concentrated enzyme to a concentration of 1 mg/ml with 0.2 M
Tris buffer, pH 8.8.
RIBONUCLEASE
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RIBONUCLEASE
0.10 M Sodium acetate buffer
Sodium acetate
Distilled H20 q.s. to

6.8 g
500 ml

1.0 M Acetic acid
Distilled H20 q.s. to

50 ml
500 ml

Make up the two solutions separately and add to each other to give a
solution with a pH of 5.0.
25% Perchloric acid:0.75% Uranyl acetate
28 ml
0.75 g
100 ml

70% perchloric acid
Uranium acetate
Distilled H20 q.s. to
1% Yeast RNA

100 mg
10 ml

Yeast RNA
0.10 M sodium acetate, pH 5.0
Ribonuclease

10 mg
10 ml

Pure enzyme
glass distilled H 20

/3-GKJCURONIDASE
0.1 M Sodium Acetate Buffer
6.8 g
500 ml

Sodium Acetate
Distilled H 20
Adjust pH to 4.5 with HC1
0.2 M Glycine with 0.2 M Sodium Chloride

7.5 g
5.8 g
500 ml

Glycine
Sodium chloride
Distilled H20
Adjust pH to 10.7 with NaOH
/3-glucuronidase
Pure enzyme
Glass distilled water

10 mg
5 ml
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APPENDIX B

Iilst of Abbreviations

TPA - 12-0-tetradecancylphorbol-13-acetate
E-B virus - Epstein-Barr virus
CM - conditioned media
EMSO - dimethyl sulfoxide
ENA - deoxyribonucleic acid
NADase - nicotinamide adenine dinucleotide oxidase
PDBu - phorbol 12,13-dibutyrate
RPMI - Rosewell Park Memorial Institute
EDIA - ethylenediaminetetraacetic acid
PBS - phosphate buffered saline
BIEE - benzoyl-L-tyrosine ethyl ester
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